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Progenitors Thriving
Timing and extent of cell expansion and specializa-
tion in the developing nervous system are tightly con-
trolled. In a recent issue of Genes and Development,
Seo and coworkers (2005a) show that geminin (Gem),
a protein involved in cell cycle control, also regulates
the transition from proliferating neural progenitors to
differentiating neurons.
The progression from early embryonic ectoderm to dif-
ferentiated postmitotic neurons is thought to be an or-
dered series of fate-choice events that are mediated
by expression of stage-specific sets of genes. These
transcriptional patterns are likely controlled by master
transcription factors recruiting enzyme complexes that
alter the accessibility of chromatin to the transcriptional
machinery. In the first step of vertebrate nervous sys-
tem formation, neural precursors are specified within
the naive ectoderm in a process known as neural in-
duction. Proliferating progenitors are characterized by
their expression of members of the SoxB1 family of
HMG box transcription factors. Although it is clear that
Sox proteins are critical to keep neural precursor cells
in the proliferative state, direct transcriptional targets
of Sox have yet to be identified. Next, as proliferation
of these neural precursors results in the expansion of
the neural plate, clusters of cells begin expressing so-
called proneural genes, which marks their irreversible
commitment to a neural fate. Proneural transcription
factors, such as Neurogenin (Ngn) and NeuroD, are typ-
ically of the basic helix-loop-helix (bHLH) type and acti-
vate transcription of downstream neuronal-differen-
tiation genes. Expression of these genes promotes
neurogenesis and withdrawal from the cell cycle, as
well as activation of genes characteristic of terminally
differentiated neurons. Although many protein factors
have been identified as inducers or at least markers of
specific developmental phases, the molecular mecha-
nisms through which they act are only beginning to be
understood.
In a previous paper, Seo et al. showed that Brg1, the
catalytic subunit of the ATP-dependent SWI/SNF chro-
matin remodeling complex, is required for vertebrate
neuronal differentiation—but not neural induction—and
proposed a simple molecular mechanism: Proneural
bHLH proteins promote neurogenesis by recruiting
SWI/SNF to their target genes via binding to Brg1 (Seo
et al., 2005b). The authors now show that during the
progenitor stage, this interaction is blocked by a small
(w25 kDa) protein called geminin (Gem). Gem binds Brg1,
thus preventing Ngn- and NeuroD-mediated transacti-
vation of neuronal-specific genes and instead allowing
maintenance of the undifferentiated state, as shown inFigure 1A (Seo et al., 2005a). Indeed, Gem is downregu-
lated prior to neuronal differentiation during Xenopus
development (Kroll et al., 1998; Seo et al., 2005a). Gem
levels also decrease in P19 mouse embryonic carci-
noma cells that have been induced to undergo neuronal
differentiation (Seo et al., 2005a). Thus, Gem appears to
suppress neuronal differentiation by antagonizing the
action of proneural factors. It will be interesting to see
whether in addition to blocking SWI/SNF recruitment to
targets of proneural factors, Gem also attracts negative
transcription regulators, such as histone deacetylases
(HDACs), to these sites.
These observations represent a novel function for
Gem. The protein was initially identified in an expres-
sion-cloning screen on the basis of its ability to expand
the neural plate of early Xenopus embryos at the ex-
pense of surrounding nonneural ectoderm (Kroll et al.,
1998), and it was therefore proposed to play a role in
specifying a neural domain during early embryogen-
esis. The details of this process, however, remain
poorly understood. Gem also emerged from a screen
designed to identify proteins that were specifically de-
graded by mitotic—but not interphase—Xenopus egg
extracts (McGarry and Kirschner, 1998). In this function,
Gem ensures that chromosomes are copied only once
per cell cycle as part of the cell’s DNA replication li-
censing machinery. Gem prevents DNA re-replication
after S phase by sequestering the replication initiation
factor Cdt1 (McGarry and Kirschner, 1998; Wohlschlegel
et al., 2000). DNA synthesis is thereby inhibited because
Cdt1 is required to recruit prereplication complexes
(pre-RCs) to origins of replication. After exit from mito-
sis, Gem is rapidly degraded, so a new round of replica-
tion can be initiated (McGarry and Kirschner, 1998).
Thus, cell proliferation appears to be inversely related
to the level of available Gem in the nucleus.
Transcription factors involved in differentiation can
sequester Gem, thus raising the intriguing possibility
that Gem provides a molecular link between cell cycle
exit and differentiation (Figure 1B) (Luo and Kessel,
2004; Luo et al., 2004). Two groups of homeobox tran-
scription factors, Six3 and Hox proteins, can directly
compete with Cdt1 for Gem binding (Del Bene et al.,
2004; Luo et al., 2004). Six3 promotes proliferation of
retinal precursor cells, at least in part, by displacing
Gem from Cdt1 (Del Bene et al., 2004). Similarly, mem-
bers of the Hox family of transcription factors, involved
in embryonic patterning and organ development, can
disrupt the Gem-Cdt1 interaction and themselves form
complexes with Gem (Luo et al., 2004). This suggests
that Gem interferes with Hox-mediated transcriptional
regulation by displacing Hox from its target genes. In
addition, Gem overexpression was found to have poly-
comb-like effects on Hox gene expression in chick de-
velopment (Luo et al., 2004). The polycomb complex is
a chromatin remodeling complex that inhibits the ex-
pression of Hox genes. It acts antagonistically to SWI/
SNF by creating a chromatin structure that excludes
SWI/SNF (Francis et al., 2001). The molecular mecha-
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172Figure 1. Regulation of Cell Proliferation and
Differentiation by Gem
(A) In neural progenitors, Gem suppresses
neuronal differentiation by preventing the
proneural transcription factors Ngn and Neu-
roD from recruiting the SWI/SNF chromatin
remodeling complex to their target genes. As
Gem is downregulated prior to neurogen-
esis, SWI/SNF-mediated transactivation of
proneural target genes promotes the transi-
tion to the differentiated state.
(B) Hox and Six3 homeobox proteins com-
pete with the DNA replication licensing fac-
tor Cdt1 for Gem binding. Hox and Six3 can
displace Gem from Cdt1 to allow formation
of pre-RCs and proliferation. Gem, however,
inhibits Hox and Six3-dependent down-
stream gene activation, so Gem must be de-
graded for transactivation to occur.nism of Gem’s polycomb-like behavior, however, re- v
cmains to be studied. In light of the new data presented
by Seo et al. (2005b), an attractive explanation for the
Sobserved polycomb-like effect of Gem might now be
Lthat Gem blocks SWI/SNF recruitment to Hox genes.
TGiven that polycomb function is critical for neural stem
Lcell self-renewal (Molofsky et al., 2003), a similar mech-
anism may be in place in neurogenesis. All in all, a role
for Gem in balancing proliferation and differentiation in
Sdevelopment is emerging.
How can this protein coordinate several separate yet D
related pathways? The molecular structure of Gem 4
gives some insight into its multifunctional character. F
CGem’s “neuralizing” activity early in embryogenesis lies
Kwithin its N-terminal domain (Kroll et al., 1998), whereas
vHox and Cdt1 both recognize a central coiled coil do-
Lmain (Luo et al., 2004). The Brg1 binding site, on the
Lother hand, maps to a C-terminal portion of Gem (Seo
Net al., 2005a). Thus, whereas some factors have to com-
Mpete for Gem binding, others might bind Gem simulta-
Mneously. Consistent with this, the often strictly dose-
M
dependent effects seen in vivo for Gem loss-of-function
S
and gain-of-function experiments (Del Bene et al., K
2004; Seo et al., 2005a) suggest that levels of Gem in S
relation to its interacting partners determine Gem func- 1
tion. Future investigations focusing on the composition W
aof Gem complexes throughout development will pro-ide greater insight into this multifaceted regulator of
ell proliferation and differentiation.
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